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A S STRA CT  Bovine adrenal zona fasciculata (AZF)  cells express a noninactivating K  + current (IAc) that is inhib- 
ited by adrenocorticotropic hormone (ACTH) at picomolar concentrations. Inhibition of IAc may be a critical step 
in depolarization-dependent Ca  2+ entry leading to cortisol secretion. In whole-cell patch clamp recordings from 
AZF cells, we have characterized properties of IAc and the signalling pathway by which ACTH inhibits this current. 
Iac was identified as a voltage-gated, outwardly rectifying, K+-selective current whose inhibition by ACTH required 
activation of a pertussis toxin-insensitive GTP binding protein. IAC was selectively inhibited by the cAMP analogue 
8-(4-chlorophenylthio)-adenosine 3':5'-cyclic monophosphate (8-pcpt-cAMP) with an IC50 of 160 ~M. The adenyl- 
ate cyclase activator forskolin  (2.5 txM) also reduced IAC by 92 +  4.7%. Inhibition of IAc by ACTH, 8-pcpt-cAMP 
and forskolin was not prevented by the cAMP-dependent protein kinase inhibitors H-89 (5 ~xM), cAMP-dependent 
protein kinase inhibitor peptide (PKI [5-24])  (2 I.tM), (Rp)-cAMPS (500 I,M), or by the nonspecific protein kinase 
inhibitor staurosporine (100 nM) applied externally or intracellularly through the patch pipette. At the same con- 
centrations, these kinase inhibitors abolished 8-pcpt-cAMP-stimulated A-kinase activity in AZF cell extracts. In in- 
tact AZF cells, 8-pcpt-cAMP activated A-kinase with an ECs0 of 77 nM, a concentration 2,000-fold lower than that 
inhibiting IAc half maximally. The active catalytic subunit of A-kinase applied intracellularly through the record- 
ing pipette failed to alter functional expression of Iao The inhibition of Iac by ACTH and 8-pcpt-cAMP was elimi- 
nated by substituting the nonhydrolyzable ATP analogue AMP-PNP for ATP in the pipette solution. Penfluridol, 
an antagonist of T-type Ca  9+ channels inhibited 8-pcpt-cAMP-induced cortisol secretion with an 1C50 of 0.33 IxM, a 
concentration that effectively blocks Ca  ~+ channel in these cells. These results demonstrate that Iac is a K+-selec  - 
tive current whose gating is controlled by an unusual combination of metabolic factors and membrane voltage. Iac 
may be the first example of an ionic current that is inhibited by cAMP through an A-kinase-independent mecha- 
nism. The A-kinase-independent inhibition of Iac by ACTH and cAMP through a mechanism requiring ATP hy- 
drolysis appears to be a unique form of channel modulation. These findings suggest a model for cortisol secretion 
wherein cAMP combines with two separate effectors to activate parallel steroidogenic signalling pathways. These 
include the traditional A-kinase-dependent signalling cascade and a novel pathway wherein cAMP binding to Iac 
K + channels  leads  to membrane depolarization  and  Ca  '~+ entry.  The simultaneous  activation of A-kinase- and 
Ca2+-dependent pathways produces the full steroidogenic response. 
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INTRODUCTION 
Cortisol secretion by zona fasciculata cells of the adre- 
nal cortex occurs in a diurnal pattern under the control 
of the  pituitary peptide  adrenocorticotropic  hormone 
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(ACTH) 1 (Bondy, 1985; Simpson and Waterman, 1988). 
The cellular mechanisms that couple ACTH receptor ac- 
tivation  to cortisol  production  are incompletely under- 
stood.  Early studies  have shown  that ACTH stimulates 
the  synthesis  of cAMP by adrenocortical  cells  (Lefko- 
witz,  et  al.,  1971;  Moyle  et  al.,  1973).  Cyclic AMP,  in 
turn,  mimics many of the actions of ACTH: activating 
steroidogenic  enzymes,  inducing  their  synthesis,  and 
stimulating cortisol secretion. Consequently, cAMP has 
long been  considered  to be  the  primary intracellular 
messenger for ACTH. It has also been widely accepted 
that the steroidogenic actions of cAMP are mediated by 
activation of a  cAMP-dependent  protein  kinase signal- 
ling  cascade  (Simpson  and  Waterman,  1988;  Parker 
and  Schimmer,  1995),  even though  several steroid hy- 
droxylases lack consensus  cAMP response elements in 
their 5' flanking region (Parker and Schimmer, 1995). 
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ACTH-stimulated steroidogenesis by cells of the  adre- 
nal  cortex  is  well  established  (Capponi  et  al.,  1984; 
Quinn et al.,  1991;  Enyeart et al.,  1993).  Transmitter 
and hormone release by many secretory cells is tightly 
coupled  to  depolarization-dependent Ca  9+  entry.  Re- 
cently, we identified a novel K + current (Iac) in bovine 
adrenal fasciculata (AZF)  cells that may contribute to 
the  resting  potential  (Mlinar  et  al.,  1993a).  Impor- 
tantly, ACTH inhibits IAc: with a  temporal pattern and 
potency  that  parallel  membrane  depolarization  and 
cortisol  secretion. ACTH-stimulated cortisol secretion 
is inhibited by antagonists of T-type Ca  2+ channels, the 
primary Ca  2+ channel subtype expressed by these cells 
(Enyeart et al., 1993; Mlinar et al., 1993b). These results 
establish the importance of electrical events and depo- 
larization-dependent Ca  '~+  entry  in  ACTH-stimulated 
cortisol secretion. They also suggest a  model whereby 
ACTH receptor activation is coupled to membrane de- 
polarization  through  inhibition of  IA(: K +  channels. 
The  molecular components of the  signalling pathway 
that link ACTH receptors to Iac K + channel inhibition 
have not been identified. However, the suppression of 
IA(; expression by GTP-~/-S as well as cholera toxin sug- 
gest  that  these  K +  channels are  under  the  inhibitory 
control  of  G~,  the  GTP-binding protein  that  couples 
ACTH  receptors  to  adenylate  cyclase  (Mlinar  et  al., 
1993a). In the present study, we have further character- 
ized IA(: current with respect to its biophysical proper- 
ties and inhibition by ACTH and cyclic nucleotides. 
MATERIALS  AND  METHODS 
Tissue culture media, antibiotics, fibronectin, and fetal  bovine 
sera were obtained from Gibco BRL (Grand Island, NY). Culture 
dishes were purchased from Corning (Corning, N.Y.) Coverslips 
were from Bellco (Vineland, NJ). Enzymes, ACTH (1-24), angio- 
tensin II  (AII),  8-pcpt-cAMP (8-[4-chlorophenylthio]-adenosine 
3':5'-cyclic  monophosphate),  guanosine  5'-O-2-(thio)diphos- 
phate  (GDP-[3-S), cAMP, cGMP, MgATP,  5'-adenylyl-imido- 
diphosphate  (AMP-PNP),  and  the  catalytic  subunit of  cAMP- 
dependent protein kinase (bovine heart) were from Sigma Chemi- 
cal Co. (St. Louis, MO). Pertussis toxin, PKI peptide (5-24), and 
(Rp)-adenosine-3',5'-cyclic monophosphorothioate  ([Rp]-cAMPS) 
were frmn Calbiochem Corp. (San Diego, CA). H-89 and stauro- 
sporine were from Biomol (Plymouth Meeting, PA). Cortisol  se- 
cretion was determined using a solid phase radioimmunoassay  kit 
(Diagnostic  Products Corp., Los Angeles,  CA). Protein kinase A 
(cAMP-dependent protein kinase) assay system was from Gibco 
BRL. [,/-:~'~P]  ATP for use with the kit was from Amersham Life Sci- 
ence (Arlington Heights,  IL). 
Isolation and Culture of AZF Cells 
Bovine adrenal glands were obtained from steers  (age range 1-3 
yr) within 15 rain of slaughter at a local slaughterhouse. Fatty tis- 
sue was removed immediately, and the glands were  transported 
to the laboratory in ice-cold PBS containing 0.2% dextrose. Iso- 
lated AZF cells were  prepared as previously  described  (Gospo- 
darowicz et al., 1977) with some modifications. In a sterile tissue 
culture hood, the adrenals were  cut in half lengthwise  and the 
lighter medulla tissue  trimmed away from the  cortex and dis- 
carded. The capsule with attached glomerulosa and thicker fas- 
ciculata-reticnlaris layer were then dissected  into large pieces ap- 
proximately 1.0 X 1.0 ￿  0.5 cm. A Stadie-Riggs tissue slicer (Tho- 
mas Scientific) was used to slice fasciculata-reticularis  tissue from 
the  glomerulosa layers  by slicing 0.3-0.5-ram slices  from  the 
larger pieces. The first medulla/fasciculata  slices were discarded. 
One to two subsequent fasciculata slices were saved in cold sterile 
PBS/0.2% dextrose. The fasciculata/glomerulosa margin (~0.5 
ram) was discarded. The remaining glomerulosa tissue with  at- 
tached capsule was saved for isolation of AZG cells. Fasciculata 
tissue slices were then diced into 0.5-mm ~ pieces and dissociated 
with 2 mg/ml (~200-300 U/ml) of Type I collagenase, 0.2 mg/ 
ml deoxyribonuclease in DMEM/F12 for ~1 h at 37~  triturat- 
ing after 30 and 45 min with a sterile, plastic transfer pipette. Af- 
ter incubating, the suspension was filtered through 2 layers of 
sterile cheesecloth, then centrifuged to pellet cells at 100 gfor 5 
rain. The cells were washed nvice with DMEM/0.2% BSA, centri- 
fuging as before to pellet. Cells were  filtered through 200  Ixm 
stainless  steel  mesh  to  remove  clumps  after  resuspending in 
DMEM. Dispersed cells were again centrifuged and either resus- 
pended in DMEM/F12 (1:1) with 10% FBS, 100 U/ml penicillin, 
0.1 mg/ml streptomycin, and plated for immediate use or resns- 
pended in FBS/5% DMSO, divided into 1-ml aliquots each con- 
raining ~2  ￿  10  '~ cells and stored in liquid nitrogen for fllttlre 
use.  Cells were  plated in 35-mm dishes  containing 9-ram'-' glass 
coverslips that had been treated with fibronectin (10 jxg/ml) at 
37~  for 30 min then rinsed with warm, sterile PBS immediately 
before adding cells. Dishes were maintained at 37~  in a humidi- 
fied atmosphere of 95% air and 5% CO2. 
Patch Clamp Experiments 
Patch clamp recordings of K  + channel currents were made in the 
whole-cell configuration. The standard pipette solution was 120 
mM KCI, 2 mM MgClz, 1 mM CaClz, 10 mM HEPES,  11  mM 
BAPTA, 200 txM GTP, 2 mM MgATP with pH buffered to 7.2 us- 
ing KOH. Pipette [Ca  `-'+  ] was determined using the "Bound and 
Determined" program (Brooks and Storey,  1992). The external 
solution consisted of 140 mM NaCI, 5 mM KC1, 2 mM CaCI, 2 
mM MgCI2, 10 mM HEPES, and 5 mM glucose,  pH 7.4, using 
NaOH. Deviations from these solutions are noted in the text. All 
solutions were filtered through 0.22 Ixm cellulose acetate filters. 
AZF cells were used for patch clamp experiments 2-12 h after 
plating. Typically, cells with diameters of 15-20 Ixm and capaci- 
tances of 10-15 picofarads were selected.  Coverslips were  trans- 
ferred from 35-ram culture dishes to the recording chamber (vol- 
ume, 1.5 ml) which was continuously  pert\~sed by gravity at a rate 
of 3-5 ml/min. Patch electrodes with resistances  of 1.0-2.0 meg- 
ohms were fabricated from Corning 7052 or 0010 glass (Garner 
Glass Co., Claremont, CA). These routinely yielded access resis- 
tances of 1.5-4 megohms and voltage  clamp time constants of 
<100 Ixs. K  + currents were recorded at room temperature (22- 
25~  following the procedure of Hamill et al. (1981) using a List 
EPC-7 patch clamp amplifier. In approximately one-third of AZF 
cells, IA(: reached a maximum amplitude of 200 pA or greater. 
These cells were used to study modulation of this current. 
Pulse generation and data acquisition were done using a per- 
sonal computer and PCLAMP software with an Axolab interi;ace 
(Axon Instruments, Inc., Burlingame, CA). Currents were  digi- 
tized at 1-20 kHz after filtering with an 8-pole Bessel filter (Fre- 
quency Devices, Haverhill, MA). Linear leak and capacity  cur- 
rents were subtracted from current records using scaled hyperpo- 
larizing steps of 1/2 to 1/4 amplitude. Data were  analyzed and 
plotted using PCLAMP (CLAMPAN and CLAMPFIT) and Graph- 
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controlled manually by a six-way rotal  7 valve. 
Series resistance  compensation  was  not used  in  most experi- 
ments. The mean amplitude oflAc current in AZF cells was <500 
pA. A current of this size in combination with a 4 megohm access 
resistance produces  a voltage error of only 2 mV which was  not 
corrected. 
Secretion Experiments 
AZF cells were cultured on fibronectin-treated 35-ram plates at a 
density of ~4  ￿  104 per  dish  in  DMEM/F12  (1:1)  containing 
10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and the 
antioxidants  1  t~M  tocopherol,  20  nM  selenite,  and  100  I~M 
ascorbic  acid  (DMEM/F12+).  After 24  h,  the  media was  aspi- 
rated  and changed  to defined media consisting of DMEM/F12 
(hl),  50 p.g/ml BSA, 100  ~M ascorbic acid,  1 I~M tocopherol, 
10 nM insulin,  and  10  I~g/ml transferrin.  The  Ca  `-'+ antagonist 
penfluridol was added at this time for a 1 h preincubation before 
switching to  media  containing  this  antagonist  as well as 8-pcpt- 
cAMP as required. 200-1~1 samples of media were collected at se- 
lected times and frozen at  -20~  and later assayed for cortisol 
using a solid phase RIA kit (Diagnostic Products Corp., Los An- 
geles, CA). All experiments were performed on triplicate 35-mm 
dishes, and hormone assays  were performed in duplicate at sev- 
eral dilutions. 
Protein Kinase A Assay 
AZF cells were cuhured on fibronectin-coated 60-ram plates at a 
density of 3-5  ￿  10 ~ cells per plate in DMEM/F12+. After 24 h, 
the media was aspirated and changed to defined media (control) 
or this  same media  containing 8-pcpt-cAMP.  After 15  rain,  the 
media  was  aspirated  and  cells  harvested  in  700  t~1  extraction 
buffer (5 mM EDTA, 50 mM Tris, pH 7.5).  Cells in extract were 
homogenized using Qiashredder columns  (Qiagen, Chatsworth, 
CA), and 10 I~1 supernatant from lysate was either assayed directly 
or incubated with the protein  kinase antagonists for 15 rain be- 
fore  measuring  activity with  the Protein  Kinase A Assay  System 
from Gibco BRL. All experiments were performed on duplicate 
60-mm plates, and enzyme assays were performed in duplicate. 
RESULTS 
Iac: Kinetics, K + Selectivity,  and Specific Inhibition by A CTH 
In  whole-cell  patch  clamp  recordings  on  bovine  AZF 
cells,  two  distinct  components  of K +  current  were  ex- 
pressed  by  nearly  every  cell.  As  previously  reported, 
these  include  a  rapidly  inactivating  A-type  K +  current 
(Mlinar  and  Enyeart,  1993)  and  a  noninactivating  K + 
current  (IAc)  which  was  present  upon  initiating whole- 
cell  recording  and  which  grew  by  an  average  of "~10- 
fold  over  a  period  of  many  minutes  (Mlinar  et  al., 
1993a)  (Fig.  1 A, left). 
The  IAt:  K +  current  could  be  studied  in  isolation  at 
holding  potentials positive to  -40  mV where  the A-type 
K + current  had  completely  inactivated.  IAC recorded  in 
response  to  a  voltage  step  to  +40  mV from  a  holding 
potential  of -35  mV consisted of an apparent  instanta- 
neous  component  and  second  time-dependent  compo- 
nent  (Fig.  1 A, right). Currents  could be fit with a  single 
exponential  of the form: I=  /,,~x[1  -  exp(T/'r~,)]  +  C, 
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FIGURE 1.  Properties of I~(: K + current.  (A,/eft) Time-dependent 
expression. K  + currents were activated by voltage steps to +20 mV 
applied at 30-s intervals from a holding potential of -80 inV. Cur- 
rent records recorded at the indicated time after initiating whole- 
cell recording.  (A, right) Iac activation kinetics. IAC was selectively 
activated by 20-ms voltage steps to +40 mV from a holding poten- 
tial of -35 mV. Current record is average of three traces. IAC cur- 
rent was fit with a function of the form: 1 =/,,,￿  -  exp(77T,)]  + 
C, where % =  3.30 ms and C =  525 pA.  (B) Voltage clamp proto- 
cols and specific inhibition of IA(: by ACTH. K + currents were re- 
corded using two different protocols before and after exposing the 
cell in A to 10 pM ACTH. (left) K § currents were activated by volt- 
age steps to +20 mV applied at 30-s intervals from a holding poten- 
tial of -80 mV. (right) 300-ms voltage clamp steps to +20 mVwere 
preceded by 10-s prepulse to -20 mV which inactivated A-type K  + 
current.  (Q  Voltage-independent  block  and  K  +  selectivity  of 
ACTH-inhibited current.  (/eft) Voltage ramp of 100 mV/s was ap- 
plied from a  holding potential of 0 mV to voltages between  +60 
and  -140 mV (trace  1). A second voltage ramp was applied after 
steady-state block with  100 pM ACTH (trace 2).  Trace 2 was digi- 
tally subtracted  from trace  1 to give the ACTH-inhibited current 
(trace 3). (right) Experiment illustrated in left panel repeated in a 
different cell in saline where external [K  +] was raised to 50 mM by 
substitution tor Na +. Numbered traces are as in left panel. 
where  %,  is  the  activation  time  constant  and  C  is  the 
time-independent  component.  In  the  example  illus- 
trated,  the  time-dependent  component,  which  com- 
prised  66%  of the  total  current,  activated  with  a  time 
constant of 3.30 ms. 
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voltage-gated  channel,  recordings  such  as  these  indi- 
cate that a  substantial fraction of IAC channels remain 
open at membrane potentials negative to  -35  mV, as 
would be anticipated for a channel that contributes to 
the  resting  potential  in  AZF  cells.  In  other  experi- 
ments, we found that IAC is an outwardly rectifying cur- 
rent that is weakly voltage-dependent at potentials from 
-30  to  +40  mV.  Over  this  range,  the  relative  open 
probability increased approximately e-fold per 50 mV 
(data not shown). 
The  absence  of time-dependent  inactivation  of the 
slowly developing IAC K + current component allowed it 
to be easily isolated and measured in whole-cell record- 
ings using either of two voltage clamp protocols. When 
voltage steps  of 300-ms duration were applied from a 
holding potential of -80 mV to a test potential of +20 
mY, IAC could be measured in isolation near the end of 
the  test pulse  at a  point where the A-type K + current 
had inactivated entirely (Fig. 1 B, left). 
Using the second protocol, IAC was activated with an 
identical voltage step after a  10-s prepulse to  -20  mV 
had fully inactivated the A-type current (Fig. 1 B, right). 
IAc measured by either method provided nearly identi- 
cal results.  Fig.  1 B also illustrates the selective inhibi- 
tion of IAC by ACTH in the same  cell using these  two 
protocols.  After  a  6-min  exposure  to  ACTH,  voltage 
steps  from  -80  to  +20  mV activate only the  residual 
rapidly inactivating Ia  K +  current  (left).  As  expected, 
when the Ia current had been inactivated by a prepulse, 
ACTH inhibited the remaining IA(; current ahnost com- 
pletely (right). 
Ramp voltage clamp steps  applied in 5  and  50 mM 
external KC1 showed that Iac is an outwardly rectifying 
current with a reversal potential that varies as predicted 
by the Nernst equation for a channel selectively perme- 
able  to  K +  (Fig.  1  C,  left).  Moreover,  the  K +  current 
component  inhibited  by ACTH  also  displayed  these 
identical properties. After IAC had reached a stable am- 
plitude, ramp voltage clamp steps were applied from a 
holding potential of 0  mV over a  range  from  +60  to 
-140 mV (trace  1). The cell was then superfused with 
100 pM ACTH, and the ramp voltage protocol was re- 
peated after a steady-state block was achieved (trace 2). 
Digital subtraction of trace 2 from trace  1 showed that 
the ACTH-inhibited current (trace 3) approached zero 
at potentials  negative  to  -80  mV,  almost identical  to 
the control current, and close to the reversal potential 
predicted by the Nernst equation for a  channel selec- 
tively permeable  to  K +.  Repeating  this  same  experi- 
ment on  a  second cell where  external  KC1  bad  been 
raised to 50 mM (right)  showed that the reversal poten- 
tial  for  the  control  and  ACTH-inhibited  currents 
shifted to  -27  and  -25  mV, respectively, values close 
to -29 mV as predicted by the Nernst equation. 
A CTH and GTP-Binding Proteins 
ACTH receptors in adrenal cortical cells are coupled to 
adenylate cyclase through a G-protein intermediate Gs. 
To  determine whether ACTH-mediated  inhibition  of 
Iac also involved a G-protein, GTP in the patch pipette 
was  replaced  with  the  inactive  guanine  nucleotide 
GDP-[3-S.  With  standard  pipette  solution  (200  o,M 
GTP), 100 pM ACTH inhibited IAC by 95.3 +  1.3% (n = 
12). When 1 mM GDP-[3-S replaced GTP in the pipette, 
ACTH (100 pM) inhibited Iac by only 30.0 _+ 12.7% (n = 
9).  Raising  the  ACTH  concentration  to  500  pM  en- 
hanced block to only 40.5 -+  16.8%  (n =  6)  (Table I). 
Experiments  with  GDP-[3-S  suggested  that  ACTH- 
mediated inhibition of IAc occurred through a  G-pro- 
tein intermediate. To determine if either G~ or Go me- 
diated this inhibition, AZF cells were preincubated be- 
fore patch  clamping with  pertussis  toxin  (Ptx)  which 
suppresses activation of Gi or G o. Ptx had no significant 
effect on the time-dependent growth oflAc or its inhibi- 
tion by ACTH  (Table I). In cells pretreated for 9-12 h 
with Ptx (200 ng/ml), ACTH (100 pM) inhibited IAc by 
95.5  _+  1.6%  (n =  6). Results with guanine nucleotide 
and  Ptx  indicated  that ACTH-mediated  inhibition  of 
IAC requires activation of a G protein but not G i or G,,. 
Inhibition  of lac by Cyclic Nucleotides 
If the inhibitory actions of ACTH on IAC are mediated 
by cAMP then membrane-permeable cAMP analogues 
should mimic ACTH in whole-cell patch clamp experi- 
ments.  8-pcpt-cAMP  inhibited  IAc in  a  concentration- 
dependent manner.  Fig.  2 A shows  that 8-pcpt-cAMP, 
like ACTH, selectively inhibited Iac, without reducing 
the rapidly inactivating A-type current. Typically, 8-pcpt- 
cAMP-mediated inhibition occurred after a delay of 1 
to  2  rain,  and  required  several  additional  minutes  to 
reach  a  maximum  (Fig.  2  B).  In  experiments  where 
8-pcpt-cAMP was superfused at concentrations ranging 
from 50 b~M to 2 raM, IAc was inhibited with an ICs0 of 
TABLE  1 
Effect of Guanine Nucleotides and Pertussis Toxin on 
A CTH-mediated Inhibition  oJ" [ ~  c 
Treatment  % Inhibition of I:u 
100 pM ACTH  95.3 -+  1.3  (n -  12) 
100 pM ACTH +  PTX  95.5 +  1.6  (n =  6) 
100 pM ACTH +  GDP[3S  30.0 -+  12,7  (~ =  9) 
500 pM ACTH +  GDP[3S  40.4 •  16,8  (n -  6) 
[u: amplitude was measured at 30-s intervals using the two protocols shown 
in Fig. l  Bwith pipette solutions containing 200 ttM GTP or no added GTP 
with 1 mM GDP-[3-S. Alternatively, cells were pretreated tor 9-12 h with 200 
ng/ml PTX before recording currents using control pipette solution. Cells 
were superfilsed with ACTH at  100  or 500  pM as indicated. Resuhs are 
mean +_ SEM. 
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FmURE 2.  Inhibition  of IAC by 
8-pcpt-cAMP.  K  +  currents  were 
activated at 30-s intervals by the 
two voltage clamp protocols  de- 
scribed  in  the legend of Fig. 1. 
When  IAc had  reached a stable 
amplitude,  8-pcpt-cAMP was su- 
peffused  at  various  concentra- 
tions between 50 I~M and 2 mM. 
(A) Selective inhibition  of IAC by 
8-pcpt-cAMP.  K  +  currents  were 
recorded using two protocols be- 
fore  and  after  superfusing  cell 
with 500 I~M 8-pcpt-cAMP. (/eft) 
current  records  in  response  to 
voltage steps from  -80  to  +20 
mV in  control  saline  and  after 
block by 8-pcpt-cAMP. (right) cur- 
rent records  from same cell, re- 
corded  with  inactivating  pre- 
pulse. (B) Time-dependent block 
of IAc by 8-pcpt-c.~MP. IAC  cur- 
rent amplitude, measured as in A 
above, plotted against time before 
and after superfusion  of 8-pcpt- 
cAMP.  (C)  Inhibition  curve. 
Fraction of unblocked IAc is plot- 
ted against 8-pcpt-cAMP concen- 
tration. Data was fit with an equation of the form I/1,1,~ = 1/[ 1 +  (B/K,I)] where B is 8-pcpt-cAMP concentration  and/~ is the equilibrium 
dissociation constant. 
160  I~M  (Fig.  2  C).  Although  considerably  less  lipo- 
philic than 8-pcpt-cAMP, cAMP (0.2-2 mM) also inhib- 
ited IAC but less potently. At a concentration of 2 raM, 
cAMP inhibited Iac by 65.9 -+ 4.8%  (n =  3). In contrast, 
cGMP had no effect on IAC at this concentration. 
The  inhibition  of Iac  by  the  relatively  membrane- 
impermeant  cAMP  raised  the  possibility  that  cAMP 
could be acting on  IAC through  a  receptor present on 
the  extracellular  surface  of AZF  cells.  To  determine 
whether  intracellularly-generated  cAMP suppressed IAc 
K + channel acti~4ty,  we exposed cells to the  diterpene 
adenylate  cyclase  activator  forskolin.  Forskolin  selec- 
tively and reversibly inhibited IAC (Fig. 3, A and B). At a 
concentration  of  2.5  I-tM forskolin  reduced  IA(: by 
92.0 +_ 4.7%  (n =  4). 
The addition of cAMP to the recording pipette (allow- 
ing inu'acellular cAMP to rapidly increase upon establish- 
ment of the  whole-cell  configuration)  was  effective in 
completely suppressing the time-dependent expression 
of IAC typically observed in whole-cell recordings from 
AZF cells. The maximum I,~c current densities recorded 
in cells where 0.2 and 2  mM cAMP were added  to the 
pipette were 3.80 +  0.85 (n =  4) and 2.33 +  0.95 pa/pF 
(n  =  7),  respectively.  By comparison,  maximum cur- 
rent density recorded with control pipette solution was 
11.80  -  2.06 pA/pF  (n =  28)  (Fig. 3  C). Exposing cells 
to  100  pM ACTH immediately upon  initiating  whole- 
cell recording also eliminated IAC expression completely 
(data not shown). 
Protein Kinases and IAc Modulation 
In many cells where cAMP regulates K + channel function, 
modulation  proceeds through  an A-kinase-dependent 
phosphorylation  (Pedarzani and Storm, 1993; Drain et 
al., 1994; Levitan, 1994). Two selective A-kinase antago- 
nists were used to determine whether this enzyme was 
the effector of Ia  c inhibition by ACTH, cAMP, and for- 
skolin.  H-89 is an isoquinoline  sulfonamide which  has 
been  reported  to inhibit  cAMP-dependent  protein  ki- 
nase  with  an  IC50 of <50  nM  (Hidaka  et  al.,  1991). 
When included in the recording pipette at a concentra- 
tion of 5  I~M, H-89 failed to significantly alter suppres- 
sion of Iac by any of the three agents  (Fig. 4, A and  C). 
In the presence of the A-kinase antagonist, ACTH (200 
pM),  8-pcpt-cAMP  (500  ~M),  and  forskolin  (2.5  t~M) 
inhibited  IAc by 91.5  _+  3.0%  (n  =  3),  79.8  +  4.8% 
(n =  6), and 88.8 -+ 1.9%  (n =  3), respectively. By com- 
parison,  under  control  conditions,  these  same  three 
agents  inhibited  IAC by 96.1  +  1.7%  (n  =  6),  73.8  _+ 
7.4%  (n =  8), and 92.0  -+ 4.7%  (n =  4), respectively. 
A  synthetic  20  amino  acid  peptide,  PK1(5-24),  pat- 
terned after a portion of the naturally occurring cAMP- 
dependent  protein  kinase inhibitory peptide  (PKI) in- 
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FIGURE 3.  Inhibition  of I  a{: by 
forskolin and cAMP. (A and B) 
K  + current was activated by depo- 
larizing steps to +20 mV from a 
holding  potential  of  -80  inV. 
Forskolin  (2.5 IxM) was  super- 
fused for the indicated times. (A) 
IA(:  amplitude  is  plotted  against 
time.  (B)  Current  records  for 
same cell as in  A.  (C)  Effect of 
cAMP on  IA(: expression.  The 
time-dependent expression of IA(: 
was measured as described in the 
legend to Fig. 1 with standard pi- 
pette  solution (n  =  28)  or  pi- 
pette  solution containing  either 
0.2 mM c~adVlP (n = 4), or 2 mM 
cAMP (n = 7). Results are mean 
_+  SEM  of I~(: current  densities 
determined  for each  cell hy di- 
viding maximum  IA~: amplitude 
hy cell capacitance read directly 
from transient cancellation con- 
trois of EPC-7 patch clamp ampli- 
tier. 
hibits A-kinase with  an  ICs0 of 2  nM  (Van  Haastert et 
al.,  1984; Cheng et al.,  1985). Adding PKI(5-24) to the 
recording  pipette  at  a  concentration  of  1  or  2  IxM 
(500-1,000 times the ICs0)  failed to significantly blunt 
Iac inhibition by ACTH or 8-pcpt-cAMP. In the experi- 
ment illustrated in Fig. 4 B, the cell was sequentially ex- 
posed to 500 IxM 8-pcpt-cAMP and 200 IxM ACTH. The 
65% inhibition of IAC observed upon exposure to 8-pcpt- 
cAMP was fully reversed upon switching to normal sa- 
line.  Subsequent infusion of 200 pM ACTH produced 
near  complete  inhibition  of IAc. Overall,  with  2  IxM 
PKI(5-24)  in  the  recording pipette,  ACTH  (200  pM) 
and 8-pcpt-cAMP (500 IxM) reduced IA(:  by 85.2 +  2.5% 
(n  =  8)  and  64.5  +-  7.5%  (n  =  8),  respectively. Since 
none of the three agents that inhibit IAc,  was superfused 
until  at least  10  min  after  commencing whole-cell re- 
cording in these experiments, it is likely that the intra- 
cellular  concentrations  of  PKI(5-24)  and  H-89  ap- 
proached that in the pipette solution for many minutes 
before ACTH,  8-pcpt-cAMP, or forskolin  reached  the 
cell (Pusch and Neher, 1988). 
Patch clamp experiments with H-89 and PKI (5-24) in- 
dicated that inhibition  of IA(: by either ACTH or 8-pcpt- 
cAMP did not require the activation of cAMP-dependent 
protein  kinase.  To further  test  this  hypothesis and  to 
determine  whether  other protein  kinases  function  in 
suppressing  this  current,  Ia(: inhibition  by ACTH and 
8-pcpt-cAMP was measured  in  cells  that had been  ex- 
posed to the potent nonselective protein kinase inhibi- 
tor staurosporine.  Staurosporine, a  microbial alkaloid, 
inhibits protein kinase A with an IC50 of 8.2 nM while C 
kinase and CaZ+/CaM kinase II are inhibited with IC:,0s 
of 2.7 and 20 nM, respectively (Tamaoki, 1991). 
Staurosporine  (100 nM) was applied to cells through 
bath perfusion, by including it in the pipette solution, 
or through these two routes in combination. For exter- 
nal delivery, AZF cells were perfused for 5-20 min with 
saline containing the membrane-permeable staurospo- 
rine  before superfllsing saline  containing this  antago- 
nist as well as ACTH  (100 or 200 pM)  or 8-pcpt-cAMP 
(500 p~M). At concentrations of 100 or 200 pM, ACTH 
produced  nearly  identical  maximal  inhibition  of Iac 
(95.3  -+  1.3%  [n =  12]  and 96.1  -+  1.7%  [n  =  6],  re- 
spectively). Regardless of the route of application, stau- 
rosporine only slightly blunted the responses to ACTH. 
When  staurosporine  was  applied  externally,  through 
the  pipette  or  simuhaneously  through  both  routes, 
ACTH  (100  or 200 pM)  inhibited  IA(: by 87.6  -+  3.6% 
(n =  5), 80.4 +  0.8%  (n =  3), and 78.4  _+  10.7%  (n = 
3)  (Fig. 5 B). 
Staurosporine had no effect on IAc inhibition by 8-pcpt- 
cAMP.  Alone,  500  IxM  8-pcpt-cAMP  reduced  IA(: by 
73.8 +  7.4%  (n =  8). When cells were exposed to stau- 
rosporine by bath perfusion and pipette in combination, 
8-pcpt-cAMP inhibited  Iac  by  78.4  _+  10.7%  (n  =  3) 
(Fig.  5,  A  and  B).  In  many experiments  where  cells 
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FIGURE 4.  Effect  of  H-89 and PKI (5-24)  on IA(:  inhibition.  A-kinase 
inhibitors  H-89 (5 ~zM) and PKI(5-24) (2  bM) were added to  patch 
electrodes in whole-cell recording. After IAC had developed,  cells 
were superfused with ACTH (200 pM), 8-pcpt cAMP (500 tzM), or 
forskolin  (2.5 I~M). (A) H-89: K  + currents were activated by voltage 
steps to +20 mV applied at 30-s intervals from a holding potential 
of -80 iV, using pipettes containing  5 I~M H-89. Cells were super- 
fused with either 200 pM ACTH  (/eft) or 500 I~M 8-pcpt  (right). 
Current records show control and steady-state block by ACTH and 
8-pcpt-cAMP. (B) PKI (5-24)  : IA(:  was monitored for 10 rain before 
superfusing cell with 500 bM 8-pcpt-cAMP, then 200 pM ACTH as 
indicated  (right). Numbers on graph  correspond to  numbered 
traces on left. Pipette contained 2 I~M PKI (5-24). (C) Summary of 
results from experiments such as those in A. Bars indicate fraction 
of IAC remaining after steady-state block by ACTH, 8-pcpt-cAMP, 
and forskolin in the absence or presence of either kinase inhibitor 
as indicated. Values are mean +_ SEM. 
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FIGURV 5.  Effect of staurosporine on IA(: inhibition  by ACTH and 
8-pcpt-cAMP. Inhibition of Iac by ACTH  and 8-pcpt-cAMP was 
measured in the presence or absence of staurosporine (100 nM). 
Staurosporine was  applied intracellularly through  the  patch  pi- 
pette, externally by bath perfusion, or by these two routes in com- 
bination. K  + currents were activated by voltage steps to +20 mV 
applied at 30-s intervals from a holding potential of -80 IV. (A) 
Effect of 500 I~M 8-pcpt-cAMP on Iac in cell exposed to staurospo- 
rine by patch pipette and bath perfusion. IA(:  current amplitude is 
plotted against time. Current records show control current (1) and 
current after steady-state block by 8-pcpt-cAMP (2).  (B) Summary 
of results from experiments such as in A. Bars indicate fraction of 
IA(: remaining  after steady-state block by ACTH (100 or 200 pM) or 
8-pcpt-cAMP (500 I~M) in the absence or presence of staurospo- 
rine (100 pM) applied externally  and/or through the pipette as in- 
dicated. Values are mean _+ SEM of indicated number of determi- 
nations. 
were  superfused  with  ACTH  or  8-pcpt-cAMP  in  the 
presence  of  an  A-kinase  inhibitor,  a  typically  small 
(<20%)  transient increase in IAC amplitude preceded 
the prolonged inhibition (Figs. 5 A and 4 B). 
The  phosphorothioate  derivative  of  cAMP,  (Rp)- 
cAMPS,  competitively antagonizes A-kinase activation 
by cAMP with an estimated inhibition constant of < 10 
I~M  (Van  Haastert  et  al.,  1984;  Botelho  et  al.,  1988). 
Like the  other A-kinase inhibitors, (Rp)-cAMPS failed 
to suppress inhibition of IAC by ACTH. When 500  I-tM 
(Rp)-cAMPS was applied through the patch electrode, 
ACTH inhibited IA(: by 88  -+  3.2%  (n  =  3)  (data not 
shown). 
A-Kinase Activation and Inhibition 
In whole-cell patch clamp experiments, the protein ki- 
nase inhibitors H-89, PKI(5-24), and staurosporine were 
applied  intracellularly to  the  cytoplasm  through  the 
patch pipette for 10-20 rain before superfusing 8-pcpt- 
cAMP. To establish that the three kinase antagonists ef- 
257  ENYEART  ET  AL. fectively inhibited A-kinase under conditions similar to 
those of our experiments, we measured 8-pcpt-cAMP- 
stimulated  A-kinase  activity  in  cytoplasmic  extracts 
from  AZF cells  in  untreated  extracts  and  in  extracts 
which were pretreated for 15 min with the kinase inhib- 
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FIGURE 6.  Effect  of 8-pcpt-cAMP and kinase inhibitors on A-kinase 
actMty.  (A)  AZF cells  were  cultured on  duplicate fibronectin- 
coated 60-ram plates at a density of 3-5 ￿  106 cells/plate in serum- 
supplemented DMEM/F12.  After 24 h, media was replaced with 
serum-free  DMEM/F12  (CONTROL) or this same media contain- 
ing 8-pcpt-cAMP. After  15 min, cells were harvested  and extracts 
prepared as described in MATERIALS AND METHODS for measure- 
ment of A-kinase activity. Aliquots  of extracts  from  cells  were 
treated with 5 tzM H-89 or 100 nM staurosporine for 15 rain before 
measuring A-kinase activity. A-kinase (PKA) activity is expressed as 
pmol of :~P incorporated into substrate  per min per million AZF 
cells. (B) Concentration-dependent  stimulation of A-kinase activity, 
by 8-pcpt-cAMP. AZF cells were cultured as described above in A. 
After 24 h, media was replaced with serum-free  DMEM/F12  con- 
taining no fiwther additions or 8-pcpt-cAMP at various concentra- 
tions ranging from 20 nM to 200 l.zM. After 15 min, cells were har- 
vested for measurement of A-kinase activity,.  Protein kinase activity, 
expressed  as percentage of maximmn activity, is plotted against 
8-pcpt-cAMP concentration (closed circles). For  comparison, the 
concentration-dependent  inhibition of IA(; by 8-pcpt-cAMP is plot- 
ted on this same graph (open chrles). Data is the same as that shown 
in Fig. 2 C. Both sets of data were fit with an equation of the form: 
y =  1/[1  +  K~/B], where y is the percent maximal response, B is 
the 8-pcpt-cAMP concentration, and/~ is the equilibrium  dissocia- 
tion constant. 
itors  at  the  identical  concentrations  used  in  patch 
clamp  experiments.  In  the  experiment  illustrated  in 
Fig. 6 A, 8-pcpt-cAMP (200 txM)  increased A-kinase ac- 
tivity 62-fold over control. H-89, and staurosporine in- 
hibited this increase by 97-100%. 
If inhibition of IAC by 8-pcpt-cAMP required activa- 
tion of A-kinase then 8-pcpt-cAMP-mediated activation 
of A-kinase in intact AZF cells and inhibition of IAC K + 
current should occur over a similar range of concentra- 
tions. 8-pcpt-cAMP activated A-kinase in AZF cells with 
an EC511 of 77  nM, a  concentration >2,000-fold lower 
than that needed to inhibit IAC half maximally (Fig. 6 
B).  Consequently,  8-pcpt-cAMP  maximally  activated 
A-kinase at  concentrations which  did  not measurably 
inhibit IAO Further, in these experiments application of 
8-pcpt-cAMP to intact AZF cells at maximally effective 
concentrations activated virtually all (95.1  -+ 4.8%, n  = 
5)  of the A-kinase in these cells. Application of 10 b~M 
cAMP (100￿  the ECs0) directly to cellular extracts from 
cells treated with 8-pcpt-cAMP did not further increase 
A-kinase activity. 
Measurements of A-kinase activity in AZF cells clearly 
indicated that A-kinase activation was neither necessaP/ 
nor sufficient for cAMP-mediated inhibition of IAI:. In 
another series of experiments, we  added  the  catalytic 
subunit of cAMP-dependent protein kinase  (5  ~g/ml) 
to the patch pipette solution and measured Iac at 30-s 
intervals. As illustrated in Fig. 7, the active catalytic sub- 
unit did not prevent the time-dependent expression of 
IAC, nor did it alter inhibition of this current by ACTH. 
Similar results were obtained in each of three cells. 
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FmURE  7.  A-kinase  catalytic  subunit and IAc inhibition. K + cur- 
rents were recorded with a patch electrode containing 5 l~g/ml of 
A-kinase catalytic subunit (bovine heart) with phosphoITlating ac- 
tivity of 46 picomolar U/txg of protein. AZF cell was superfnsed 
with 200 pM of ACTH at the indicated time. Voltage clamp steps 
were applied from  -80 mV to a test potential of +20 mV with 
(open circles) or without (closed circles) inactivating prepulses as de- 
scribed in the legend of Fig. 1. 1AC amplitude is plotted against 
time.  (Inset)  IAc currents recorded immediately before and after 
maximum inhibition  by ACTH. 
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Experiments  with  protein  kinase  inhibitors  indicated 
that IAC inhibition by both ACTH and cAMP did not re-  500 
quire  phosphorylation  by A  kinase  or other  common 
serine/threonine  kinases.  However,  IAC  inhibition  by  <  400 
both ACTH and cAMP was dependent  on the hydroly-  ~  300 
sis  of ATP.  When  the  nonhydrolyzable ATP analogue 
AMP-PNP (1  mM)  replace ATP in the pipette solution,  200 
ACTH  and  8-pcpt-cAMP were  ineffective  at  inhibiting  100 
Iao In the presence  ofAMP-PNP, ACTH  (100 nM)  in- 
hibited  IAC by only 10.9  +  6.2%  (n =  7)  compared to 
95.3  -+ 1.3%  (n =  12)  observed in the presence of ATP 
(Fig. 8 B). 
Similarly,  with  AMP-PNP  in  the  recording  pipette,  B  100 
200  IxM 8-pcpt-cAMP inhibited  IAC by only 4.0  +- 4.2% 
(n =  5) compared with 58.8 _  +  7.8%  (n =  8) in the con-  z  o 
trol pipette  solution  (Fig. 8, A and B). As shown in Fig.  ~  075 
< 
8 A, substituting AMP-PNP for ATP in the recording pi-  x 
tad 
pette  did  not  alter  the  time-dependent  expression  of  c~ 
IAC  typically  observed  in  whole-cell  recordings,  but  ~  050 
eliminated  inhibition  by 200  ixM 8-pcpt-cAMP.  Inhibi-  z 
tion  of Iac by ACTH,  8-pcpt-cAMP,  and  forskolin  was  s 
also  prevented  in  a  total  of six  cells  when  recordings  ~  0 25 
O~ 
were  made  using pipette  solutions  that contained  nei- 
ther ATP nor AMP-PNP (data not shown). 
Ca  e+ Dependence 
ACTH-stimulated activation of adenylate cyclases in AZF 
cells requires the presence of extracellular Ca  u+  (Lefkow- 
itz et al., 1970; Lefkowitz et al., 1971). To determine if in- 
hibition of IAC by ACTH shared  this Ca  z+ dependence, 
we exposed cells to the peptide in Ca2+-free saline con- 
taining 0.1  mM EGTA. The time-dependent  growth of 
IAC was not suppressed in the "0" Ca  >  saline, but the in- 
hibition  of this  current  by ACTH was prevented  com- 
pletely  (Fig.  9).  In each  of three  cells,  100  pM ACTH 
produced  no inhibition  of IAC in the  absence of exter- 
nal Ca  z+. This effect was specific to ACTH. Inhibition of 
IAC by forskolin was not affected. Fig. 9  A shows the re- 
sults of an experiment performed in CaZ+-free external 
solution,  in which  the  cell was sequentially  superfused 
with ACTH and forskolin. ACTH was ineffective, while 
forskolin  inhibited  IAC almost  completely.  In  three  ex- 
periments performed in "0" Ca  ~+, forskolin inhibited Iac 
by 95.1  +  5%  (Fig.  9  C). A  second  peptide  hormone, 
AII, retained  its ability to inhibit  IAC in the absence  of 
extracellular  Ca  2+  (Fig. 9, B and  (2,). Thus, the removal 
of extracellular Ca  `-,+ did not result in a nonspecific inhi- 
bition  of adenylate-cyclase  activation  or  peptide  hor- 
mone binding.  It is unlikely that the  ineffectiveness  of 
ACTH in zero external  Ca  ~+ resulted from a secondary 
reduction  in  intracellular  Ca  z+.  When  the  internal  pi- 
pette solution was reduced to nominally zero by raising 
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FIGURE 8.  Effect of AMP-PNP on lAc inhibition. Inhibition of IA(; 
by ACTH and 8-pcpt-cAMP was measured in whole-cell recordings 
with standard pipette solution and using pipette solution contain- 
ing 1 mM AMP-PNP and no ATP. (A) AMP-PNP prevents inhibi- 
tion of IAC by 8-pcpt-cAMP. K  + currents were activated at 30-s inter- 
vals by voltage steps to +20 mV from a holding potential of -80 
mV with or without inactivating prepulse (opo~ circles).  Pipette con- 
tained 1 mM AMP-PNP. After IAc reached a maximum value, cell 
was superfused with 200 IxM 8-pcpt-cAMP for the indicated time. 
Traces are currents recorded at indicated times.  (B) Summary of 
results tiom experiments similar to those in A. Bars indicate frac- 
tion of IA(: remaining after steady-state block by 100 pM ACTH or 
200 txM 8-pcpt-cAMP with standard pipette solution  (control) or 
pipette solution containing 1 mM AMP-PNP. Values are mean _+ 
SEM of indicated number of determinations. 
BAPTA from 11 to 20 mM with no Ca  2+ added to the pi- 
pette, ACTH inhibited IAC by 91% in two cells. 
T-type Ca  2+ Channels and 8-pcpt-cAMP-stimulated 
Cortisol Secretion 
It is well  established  that cAMP-induced steroidogene- 
sis  is  obligatorily  dependent  on  the  cAMP-dependent 
protein  kinase  signalling  cascade.  In addition,  the  re- 
suits of the present study suggest that cAMP may inhibit 
IAc K +  current  through  a  separate  A-kinase-indepen- 
dent  pathway.  Previously,  we  proposed  a  model  for 
ACTH-stimulated  cortisol secretion whereby IAC inhibi- 
tion leads to membrane  depolarization  and Ca  2+ entry 
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FmURE 9.  Ca  ~+ dependence of IA(: inhibition. K + current was ac- 
tivated by voltage steps to +20 mV from a holding potential of -80 
mV in saline containing no added Ca  2+ and 0.1 mM EGTA or nor- 
real saline containing no Ca  2+.  (A) Effect of ACTH and forskolin 
in "0" Ca  2+. Cell was superfused sequentially with 100  pM ACTH 
and 2.5 IxM forskolin at the indicated times. IA(: amplitude is plot- 
ted against time. (B) Effect of ACTH and MI in "0" Ca  ~+. Cell was 
superfnsed sequentially with 100 pM ACTH and  10 nM MI at the 
indicated times. IAc amplitude is plotted against tixne.  (C) Data ob- 
tained  from  experiments  in  which  cells  were  superfused  with 
ACTH (100 pM), forskolin (2.5  txM), orMI (10 nM) in saline con- 
raining 0 Ca  ~+. Bars illustrate fraction of Iac: remaining after steady- 
state  block  by ACTH,  forskolin  or ,MI  as  indicated.  Values  are 
mean +  SEM. 
through  T-type Ca  '2+ channels  (Enyeart et al., 1993; Mli- 
nar et al.,  1993a).  Accordingly,  the diphenylbutylpiper- 
idine  penfluridol  inhibits  T-type  Ca  2+  channels  and 
ACTH-stimulated  cortisol secretion in bovine AZF cells 
with  similar potency  and  ICs0s  of 0.3  and  0.16  txM,  re- 
spectively (Enyeart et al., 1993). We used penfluridol  to 
determine  whether  8-pcpt-cAMP-stimulated  cortisol se- 
cretion  might  also  require  Ca  z+  entry  through  T-type 
Ca  z+  channels.  8-pcpt-cAMP  stimulated  large  (>50- 
fold)  increases in cortisol-secreted by AZF cells. Penflu- 
ridol  inhibited  8-pcpt-cAMP-stimulated  cortisol  secre- 
tion  measured  after 24 h  with an  ICs0 of 0.33  bM  (Fig. 
10).  Cortisol secreted  during  a  4  h  exposure  to  8-pcpt- 
cAMP was also inhibited with similar potency. 
DISCUSSION 
In  this study,  IAC was identified as  an  outwardly  rectify- 
ing K+-selective current  that is inhibited  by both ACTH 
and  cAMP  through  a  novel  A-kinase-independent 
mechanism  requiring  ATP  hydrolysis.  The  results  sug- 
gest  a  model  for  ACTH-stimulated  cortisol  secretion 
wherein  cAMP  binds  to  two  separate  effectors  to  acti- 
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FIGURE 10.  Inhibition  of cortisol secretion by penfluridol.  Cul- 
tured AZF cells were incubated for 24 h  in serum-containing me- 
dia as described in the legend of Fig. 6 before switching to test me- 
dia containing various concentrations of penfltlridol. After a  1-11 
preincubation with penfluridol, media was replaced with one con- 
taining penfluridol and 8-pcpt-cAMP (1 mM). Media samples were 
collected and assayed for cortisol after 4 and 24 h  incubation. Re- 
sults are mean +- SEM of triplicate determinations. Curves were fit 
with an equation of the form: y =  1/  [1  +  B/K,I], where y is the 
quantity of cortisol secreted,  B is  the penfluridol  concentration, 
and/~1 is the equilibrium dissociation constant. 
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signalling cascade and a  novel pathway wherein cAMP 
binding  to  Ia~  ~,  K +  channels  leads  to  depolarization- 
dependent Ca  2+ entry. 
Properties of lac and AZF Membrane Potential 
IA(:  displayed properties that are unusual  among most 
K + currents described thus far. It is one of several out- 
wardly rectifying K + currents that have been character- 
ized  (McCloskey and  Cahalan,  1990;  Ketchum  et al., 
1995). Unlike other voltage-gated K + currents, IAC acti- 
vation kinetics were not marked by a  sigmoidal  onset 
but instead  could be fit by a  single  exponential func- 
tion. By comparison, activation kinetics for the A-type 
K + current in AZF cells were classically sigmoidal and 
fit by an  exponential function raised  to a  power of 4 
(Mlinar and Enyeart, 1993). 
The  instantaneous  component  of  IAC  observed  in 
whole-cell recordings indicated that a  substantial  frac- 
tion  of IAc  channels  are  active  at  holding  potentials 
negative  to  -35  inV.  Although  these  results  demon- 
strate that IAc would oppose membrane depolarization 
and contribute to negative membrane potentials,  they 
do not prove that 1Ac is primarily responsible for setting 
the membrane potential of IAc cells. Several lines of evi- 
dence suggest that it is. The resting potential of IAc var- 
ies with /~,/Ki as predicted by the Nernst equation. Of 
the two types of K + channels that can be identified in 
whole-cell recordings from AZF cells, only IAc is inhib- 
ited by ACTH and cAMP. ACTH inhibits IAC with a tem- 
poral pattern and  concentration dependence that are 
nearly identical to ACTH-stimulated membrane depo- 
larization (Mlinar et al, 1993a). 
Inhibition of l~ c by cAMP 
The results of experiments with GDP-[3-S and Ptx were 
consistent with the hypothesis that ACTH-mediated in- 
hibition  of [AC; required  a  Gs-dependent activation  of 
adenylate cyclase. Accordingly, 8-pcpt-cAMP produced 
a  concentration-dependent inhibition of IAc when ap- 
plied by bath perfusion. The suppression  of the  time- 
dependent  expression of IAc: in whole-cell  recordings 
made  with  pipettes  containing  cAMP  and  the  inhibi- 
tion of IAC by forskolin indicate that cAMP acts at an in- 
tracellular site rather than through a  receptor located 
on the cell surface. This point is significant since cAMP 
has been reported to modulate a Na + channel on car- 
diac myocytes through G-protein-coupled cell surface 
receptor (Sorbera and Morad, 1991). G-protein-coupled 
cAMP receptors are present on the surface of slime molds 
where they control development (Klein et al., 1988). 
Forskolin has been reported to inhibit K + currents by 
a  cAMP-independent  mechanism.  However, forskolin 
concentrations  much  greater  than  2.5  ~zM  were  re- 
quired  for  significant  inhibition  to  be  observed 
(Zunkler et al., 1988). Further, forskolin, like cAMP, se- 
lectively inhibited Iac in AZF cells, without suppressing 
the  transient A-type K + current.  Thus,  it is  likely that 
suppression of IAC, by forskolin is specific and mediated 
by cAMP. 
In nearly all reported cases,  the modulation of volt- 
age  and  Cae+-activated  K +  channels  by cAMP  occurs 
through phosphorylation by A kinase  (Hille, 1992; Pe- 
darzani  and  Storm,  1993;  Drain  et al.,  1994;  Levitan, 
1994).  IA~: K + channels appear to be distinctive in this 
respect. An  overwhelming body of evidence indicated 
that A-kinase activation was neither necessary nor suffi- 
cient for 8-pcpt-cAMP- or ACTH-mediated inhibition of 
IAC. The  three A-kinase  antagonists,  H-89, PKI  (5-24), 
(Rp)-cAMPS, and the nonspecific kinase inhibitor stau- 
rosporine applied intracellularly, externally, or by both 
routes at concentrations 10-1,000 times their reported 
IC~0s failed to prevent inhibition by either 8-pcpt-cAMP 
or  ACTH.  Since  diffusional  equilibrium  between  pi- 
pette and cell is reached within seconds for small mole- 
cules (Pusch and Neher, 1988), it is likely that A-kinase 
antagonists were present in large excess at the intended 
target.  When  applied directly to AZF cell extracts for 
comparable times at identical concentrations, these ki- 
nase  antagonists  eliminated  8-pcpt-cAMP-stimulated 
A-kinase activation. 
Two  separate  lines  of evidence  demonstrated  that 
A-kinase  activation  did  not  mediate  I ac  inhibition  by 
8-pcpt-cAMP. Most importantly, 8-pcpt-cAMP activated 
A-kinase  in AZF cells with  an  EC~0 >2,000-fold lower 
than that necessary to inhibit IAC half maximally. There- 
fore, 8-pcpt-cAMP fully activated A-kinase at concentra- 
tions  that  had  virtually no  effect on  IAC. Accordingly, 
the active catalytic subunit of bovine A-kinase  applied 
intracellularly through the patch pipette failed to sup- 
press expression of I ac. Although our results show that 
A-kinase activation is not required for IAC inhibition by 
cAMP, they do not exclude a role for this enzyme in IAc 
modulation in an undialyzed cell. 
Our evidence suggests that cAMP may act directly on 
Iac K + channels to inhibit their function. Iac K + current 
resembles other cyclic nucleotide-gated channels with 
respect  to  its  sensitivity  to  cAMP  and  weak  voltage- 
dependent  activation.  A  large  and  growing  family of 
ion channels directly activated by cAMP has been iden- 
tified, including those present in retinal and olfactory 
neurons. These channels are nonselective cation pores 
with  only a  weak voltage dependence  (Dhallen  et al., 
1990;  Kaupp,  1991;  Hille,  1992; Yau,  1994).  However, 
the  overall  sequence  similarity  between  cyclic  nucle- 
otide-gated ion channels and voltage-activated K + chan- 
nels  (Heginbotham  et  al.,  1992)  suggests  origination 
from a common ancestor. In this regard, several cloned 
K + channel genes from Drosophila  and the plant Arabi- 
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cyclic  nucleotide-gated  channels  than  to  other  K + 
channels,  hnportantly,  both  the  Arabidopsis  and  the 
Drosophila K + channels contain a consensus cAMP bind- 
ing domain  (Schachtman et al.,  1992;  Bruggemann  et 
al.,  1993).  Perhaps,  interposed  between  the  voltage- 
gated  K §  channels  and  the  related  cyclic  nucleotide- 
gated cation channels,  there  exists a  continuum  of in- 
termediate  tbrms  that  include  K+-selective  channels 
whose  gating  is  directly  controlled  or  modulated  by 
cAMP.  A  cAMP-activated  K +  selective  channel  in  Dro- 
sophila larvae has been characterized with patch clamp 
(Delgado et al., 1991).  IAC may be the first ion channel 
directly inhibited by cAMP. 
Mechanism of ACTH Inhibition of lac 
The results of patch clamp experiments were consistent 
with  the interpretation  that IAC inhibition  by ACTH is 
mediated by cAMP. Experiments with GDP-I3-S and Ptx 
demonstrated that activation of a Ptx-insensitive G pro- 
tein  such  as  Gs  was  required  for  IAC  inhibition  by 
ACTH.  In AZF cells,  ACTH  receptors  are  coupled  to 
adenylate cyclase through G~ (Mountjoy et al., 1992). 
ACTH  stimulates  A-kinase  and  by inference  cAMP 
synthesis at concentrations identical to those which in- 
hibit  IAC  (unpublished  observations).  The  inability  of 
ACTH  to  inhibit  IAC  in  the  absence  of extracellular 
Ca  2+  supports  the  hypothesis  that  inhibition  is  medi- 
ated  by  cAMP.  It  had  previously  been  demonstrated 
that while binding of ACTH to its receptor was not af- 
fected by removal of external Ca  2+, activation of adenylate 
cyclase was completely prevented in the absence of this 
divalent cation  (Lefkowitz et al.,  1970; Lefkowitz et al., 
1971).  Thus,  ACTH-mediated  activation  of adenylate 
cyclase and IA(:  inhibition share a common dependence 
on  external  Ca  `-)+ . cAMP appears to be  the  messenger 
that links ACTH receptors to IAc channels. 
Patch  clamp  studies  with  the  A-kinase  antagonists 
failed to provide evidence that ACTH and 8-pcpt-cAMP 
inhibited  IAc  by  separate  mechanisms.  Each  of  the 
three protein kinase antagonists were ineffective at pre- 
venting  IAC inhibition  by either  agent.  The  complete 
elimination of ACTH- and 8-pcpt-cAMP-mediated inhi- 
bition  of  IAc  by  AMP-PNP  also  suggests  a  common 
mechanism is involved. 
Although all of the results in this study are consistent 
with the hypothesis that cAMP directly mediates inhibi- 
tion of Iac by ACTH, they do not exclude the possibility 
of a separate signalling pathway. In this regard, inhibi- 
tion of Iac by ACTH was more difficult to reverse than 
8-pcpt-cAMP-mediated reduction of this current. How- 
ever,  this  difference  could  reflect the  slower dissocia- 
tion of ACTH from its receptor rather than distinct in- 
hibito~  T  mechanisms.  If ACTH  at  any  concentration 
suppresses  I,u:  through  a  cAMP-independent  mecha- 
nism,  it is  unlikely  that activation  of serine-threonine 
kinase is involved. Staurosporine,  at concentrations  of 
100-200  nM,  failed  to  significantly alter  inhibition  of 
IAC by ACTH. Staurosporine  inhibits  some tyrosine ki- 
nases  only at higher  micromolar concentrations.  The 
possibility that ACTH suppresses IAc by an unknown ty- 
rosine  kinase  cannot  be  excluded.  Interestingly,  we 
found  that  staurosporine  does  suppress  AII-mediated 
inhibition of IAc (Mlinar et al.,  1995). Apparently, AII- 
and  ACTH-mediated  inhibition  of this  current  occur 
through distinct signalling pathways. 
lac Inhibition and A TP Hydrolysis 
The  complete  suppression  of  8-pcpt-cAMP-mediated 
inhibition of IAC observed upon substituting the nonhy- 
drolyzable ATP analogue AMP-PNP for ATP in  the re- 
cording  pipette  suggests  that  cAMP-induced  channel 
closing  is  linked  to  an  ATP  hydrolysis  cycle.  Several 
channels  have  been  discovered  whose  functional  ex- 
pression and gating are regulated by A-kinase and ATP- 
hydrolysis  (Anderson  et  al.,  1991;  Baukrowitz  et  al., 
1994;  Fakler et al.,  1994).  Gating of the  cystic fibrosis 
transmembrane  conductance  regulator  (CFTR)  C1 
channels  is  coupled  to  an  ATP  hydrolysis  cycle.  For 
CFTR CI- channels  to open  they must be  phospho U- 
lated  by A-kinase and  then  exposed  to a  hydrolyzable 
nucleoside  triphosphate  such  as  ATP  (Baukrowitz  et 
al.,  1994). The functional activity of Ki, 2.1  inward rec- 
tified  K +  channels  also  requires  phosphorylation  by 
PKA and ATP hydrolysis (Fakler et al., 1994). 
cAMP-mediated inhibition of IAc K + channels may in- 
volve a  novel mechanism that requires ATP hydrolysis 
but  not  phosphorylation  by A-kinase.  The  results  are 
consistent  with  a  mechanism  where  the  binding  of 
cAMP to an IAC K + channel is coupled to the conforma- 
tional  change  that closes  the  channel  by a  process fu- 
eled by ATP hydrolysis. 
The elimination of ACTH-mediated inhibition  of IAC 
observed upon  substituting  AMP-PNP  for ATP  in  the 
recording pipette is readily explained within the frame- 
work of a  mechanism that requires both cAMP synthe- 
sis and ATP hydrolysis for channel inhibition.  In addi- 
tion  to  eliminating  ATP-hydrolysis,  the  nonhydrolyz- 
able  adenine  nucleoside  does not  serve as a  substrate 
for adenylate cyclase, preventing the synthesis of cAMP. 
Our  results  do  not  exclude  the  possibility that ACTH 
inhibition  of IAC occurs through  a  cAMP-independent 
mechanism such  as a  staurosporine-insensitive  protein 
kinase, which would become inactive in the absence of 
a nonhydrolyzable substrate. 
Model Jbr Cortisol Secretion Stimulated by A CTH and cAMP 
The T-type Ca  '2+ channel antagonist penfluridol  inhib- 
ited  cAMP-stimulated  cortisol  secretion  at  concentra- 
tions  similar  to  those  that  we  previously  found  sup- 
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FIGURE  11.  Model  for  cAMP- 
mediated stimulation of cortico- 
steroid  synthesis  through  activa- 
tion  of parallel  signalling  path- 
ways. 
pressed  ACTH-stimulated  cortisol  secretion  and 
blocked T-type Ca  2+ channels in bovine AZF cells  (En- 
yeart et al., 1993). The results of combined patch clamp 
and secretion studies suggest a model for ACTH-stimu- 
lated  cortisol  secretion  wherein  cAMP  functions  in  a 
dual capacity as a second messenger  to activate parallel 
signalling pathways (Fig. 11). Along one path, cAMP di- 
rectly combines  with  IAc K +  channels  leading  to their 
inhibition.  This  inhibition  triggers  the  sequence  of 
membrane  depolarization  T-type  Ca  '2+  channel  open- 
ing, and Ca2+-dependent activation, and ultimately, in- 
duction  of steroidogenic  enzymes,  cAMP  activates  the 
second  pathway through  the  conventional  interaction 
with A-kinase  followed  by activation  and  induction  of 
the  same  steroidogenic  enzymes.  Although  it  is  clear 
that  cAMP  can  mediate  electrical  and  biochemical 
events in cortisol secretion,  the possibility remains that 
addition  signalling  pathways  could  be  involved  in 
ACTH-stimulated cortisol secretion. 
Aside  from  its  apparent  importance  in  regulating 
cortisol  secretion,  IAC  is  an  extremely  interesting  K + 
current whose gating is regulated by an unusual combi- 
nation  of  voltage  and  metabolic  factors.  The  cAMP- 
dependent  inhibition  of  this  K +  current  through  an 
A-kinase-independent pathway requiring ATP hydroly- 
sis is a unique mechanism for modulating the function 
of any ion channel. The control of IAC K + channel gat- 
ing by metabolic factors including cAMP and ATP sug- 
gests  a  mechanism  where  the  membrane  potential  of 
these  secretory  cells  could  be  tightly  coupled  to  the 
metabolic state of the cell and modulated by biochemi- 
cal signals originating at the cell membrane. 
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